Background {#Sec1}
==========

Colorectal cancer (CRC) is the third most common type of cancer in the Western world and the second most common cause of cancer-related death in both genders. The overall relative 5-year survival of CRC patients is approximately 50% \[[@CR1]\]. Almost half of all patients suffering from CRC are confronted with liver metastasis either at the time of diagnosis (15 to 20%), or later during the course of the disease (25%) \[[@CR2]\]. Given the rather poor 5-year survival rate of patients who develop liver metastasis (approx. 30%), it is vital that we develop and evaluate new therapeutic strategies. In particular, the knowledge of molecular changes to CRC cells that end up in the liver may enable us to search for new target options far more selectively.

Metastasis is frequently a final and fatal step in the progression of solid malignancies. The nature and time of onset of the changes that provide tumour cells with metastatic functions are still largely unknown. Furthermore, there has been an ongoing debate to this end for more than a 100 years. In 1889, Stephen Paget noticed that the pattern of metastases produced by different neoplasms was not random. In his 'seed and soil' hypothesis, Paget claimed that certain tumour cells ('seeds') have an affinity for the microenvironment of specific organs ('soil'), and only when the 'seed' and the 'soil' are compatible can metastasis occur \[[@CR3]\].

With respect to the "seed", it is widely accepted these days that cancer is attributed to the accumulation of genetic alterations in cells. Thus, to understand the molecular mechanisms of cancer metastasis, it is indispensable to identify not only the genes whose alterations accumulate during cancer progression but also those genes whose expression is responsible for the acquisition of metastatic potential in cancer cells \[[@CR4]\]. Indeed, comparative analyses of the gene expression profiles of metastatic and non-metastatic cells have revealed that various genes are differentially expressed in association with the metastatic potential of cancer cells \[[@CR4]\]. Conversely, the existence of genes expressed by rare cellular variants that specifically mediate metastasis has been disputed \[[@CR5]\]. Transcriptomic profiling of primary human carcinomas has identified gene expression patterns that, when present in the primary tumour, predict a poor prognosis for patients \[[@CR6], [@CR7]\]. The existence of such signatures can be interpreted in the sense that genetic lesions acquired early on in tumorigenesis may prove sufficient for the metastatic process, and that consequently no metastasis-specific genes exist.

There is growing evidence that the development of or progression to metastases is also dependent on the "soil". Tumour cell circulation, extravasation into a distant organ, angiogenesis, and uninhibited growth also provide essential hints as to the metastatic process \[[@CR8]\]. The molecular requirements for some of the steps involved may be highly tissue specific. For example, the proclivity that tumours have for specific organs, such as breast carcinomas for bone and lung, was noted more than a century ago \[[@CR9]\]. Moreover, the potential of tumour cells to metastasize depends on their interaction with homeostatic factors in the target organ that promote tumour-cell growth: survival, angiogenesis, invasion, and progression. It seems that the intrinsic cellular heterogeneity within tumour populations evolves through an extrinsic selection process, which is based on more or less infrequent cellular variants with augmented metastatic abilities and which finally mediates the outgrowth in distant sites \[[@CR9]\]. Of note, the mechanism that enables the liver microenvironment to influence the behaviour of CRC cells is still only poorly understood.

The most common site for CRC metastasis is the liver \[[@CR10]\]. Many patients still suffer from recurrence of the primary and/or distant metastasis, even after undergoing liver resection combined with adjuvant approaches such as chemo- and radiotherapy. Nonetheless, only a minority of patients actually survive for years \[[@CR11]\]. Therefore, the a priori or early inhibition of metastasis could prove to be a key step towards the curative treatment of patients. We have to assume that each organ places different demands on circulating cancer cells for the homing and subsequent outgrowth of metastases.

To clarify this issue, we established a novel syngeneic and orthotopic mouse model of CRC liver metastasis. This model comprises the injection of cells from a known CRC cell line to mimic the spread of the primary tumour and thus to investigate the invasion and expansion of CRC cells in the liver on the gene expression level. The goal here was to identify genes that contribute to this process of adapting to the new "soil" and thereby the metastatic progression of the disease. The fundamental aim of the study was to identify new candidate markers or molecular mechanisms in the diagnosis of liver metastasis resulting from CRC, as well as therapeutic targets effectively inhibiting CRC metastasis in the liver.

Methods {#Sec2}
=======

Reagents and antibodies {#Sec3}
-----------------------

Unless specified otherwise, all chemicals and reagents were supplied by Life Technologies (Darmstadt, Germany). Foetal Bovine Serum Superior (FBS) was purchased from Biochrom (Berlin, Germany) and trypsin 10-fold was supplied by PAA (Pasching, Austria). Antibodies for immunolabelling purposes were purchased and used as illustrated in Table [1](#Tab1){ref-type="table"}.Table 1Antibodies used in immunolabelling analysisAntigenSpeciesDilutionCatalogueManufacturerβ-cateninRabbit1:5014--6765eBioscience, Frankfurt a.M., GermanyCD44Rat1:1000550,538BD Pharmingen, Heidelberg, GermanyKi-67Rabbit1:200275R-14Cell Marque, California, United StatesE-cadherinRabbit1:50sc-7870Santa Cruz Biotechnology, Heidelberg, GermanyVimentinRabbit1:1000ab92547Abcam, Cambridge, UKAnti-rat biotinylatedDonkey1:200RPN1004GE Healthcare, Freiburg, GermanyAvidin HRP1:40018--4100-94eBioscience, Frankfurt a.M., GermanyHRP Labelled anti-rabbitGoatReady to useK4002Dako, Hamburg, Germany

Cell lines and culture {#Sec4}
----------------------

The cell line CMT-93 (isolated from a mouse colorectal adenocarcinoma) was kindly donated by Christina Hackl and her workgroup in Regensburg, Germany. On testing, the cells were found to be negative for mycoplasma by RT-PCR.

CRC cells were expanded and stored in frozen aliquots (− 70 °C). After thawing, the cells were routinely cultured in 75 cm^2^ culture flasks in DMEM high glucose, supplemented with 10% FBS, 1% L-glutamine, 1% sodium pyruvate and 1% penicillin/streptomycin at 37 °C and 5% CO~2~ in a humidified incubator. Tumour cells were passaged once (following 3 days in culture), cultured for a further 4 days, and then trypsinized for subsequent implantation studies. Tumour cells from the same passage were used for all the implantation experiments. Additionally, aliquots of the cell line were snap frozen and processed for transcriptome sequencing analysis (RNA-seq).

Animals and procedures {#Sec5}
----------------------

Ten-week-old female C57BL/6NCrl mice (mass 18--22 g) were purchased from Charles River (Sulzfeld, Germany). Animals were kept on a 12-h day/night rhythm and fed with a phytoestrogen-reduced mouse diet (ssniff, Soest, Germany).

Prior to (surgical intervention) surgery, animals received a subcutaneous application of carprofen (Rimadyl®, Pfizer, Berlin, Germany) (5 mg/kg body mass). Animals were anaesthetized under constant sevoflurane inhalation (Sevorane®, Abbott, Wiesbaden, Germany). After median laparotomy, the hilum of the liver was exposed to access the portal vein. One million tumour cells in a volume of 100 μl PBS buffer were injected slowly into the portal vein using a 30 G needle.

In the study group, seven animals were implanted with tumour cells. The control group encompassed five animals which underwent the same procedures (sham-OP), but were only injected with buffer solution. All animals were sacrificed after 4 weeks. Explanted livers were sliced for macroscopic assessment, photographic documentation of the section planes, and further processing. Tissue samples from the tumour core of the liver metastases derived from CMT-93 as well as matched unharmed liver tissue (macroscopically tumour-free liver) were excised, snap frozen for whole transcriptome sequencing analysis (RNA-seq), or frozen in 2-methylbutane at −70 °C for immunolabelling.

Immunolabelling {#Sec6}
---------------

Cryostat sections (5 μm) were fixed in ice-cold acetone for 10 min and were stored at −80 °C. After rehydration in Tris/HCl buffer (pH 7.6), sections were incubated with the primary antibodies (see Table [1](#Tab1){ref-type="table"}) overnight at 4 °C. Endogenous peroxidase was inactivated by incubation with 0.3% H~2~O~2~ in 70% methanol and 30% Tris/HCl buffer for 20 min at RT. The HRP-labelled goat anti-rabbit IgG secondary antibody (DakoCytomation K4002, Carpinteria, USA, ready-to-use reagent) was used to identify β-catenin, Ki-67, E-cadherin, and vimentin. To immunolabel CD44, sections were exposed to an avidin/biotin blocking step (Life Technologies, Darmstadt, Germany) followed by incubation with the primary antibody (overnight at 4 °C). This antigen was identified by the secondary antibodies donkey anti-rat biotinylated (1:200, 1 h at RT) and avidin-horseradish peroxidase (HRP) (1:400, 1 h at RT). 3-amino-9-ethyl-carbazole (AEC) solution (BD Pharmingen, Heidelberg, Germany) and haematoxylin counterstaining were used for visualization by light microscopy. Negative controls were carried out for each antibody by omitting the primary antibody from the protocol. Samples were covered with 50 μl of the aqueous mounting agent Aquatex (Merck, Darmstadt, Germany) and evaluated under a light microscope (LEICA DM IRE2, Bensheim, Germany).

RNA isolation {#Sec7}
-------------

For RNA sequencing purposes (RNA-seq), three aliquots of the cell line and specimens (tumour core and liver) from seven animals were collected. The RNA purification system PeqGold TriFast (Peqlab, Erlangen, Germany) was used to isolate RNA from metastatic liver tissue. Briefly, specimens were defrosted in peqGold TriFast (1 ml/100 mg tissue) and then homogenized using TissueLyser LT (Qiagen, Hilden, Germany) at 50 Hz. Total RNA was isolated according to the manufacturer's instructions and stored at −80 °C. In addition, the High Pure RNA Isolation Kit (Roche, Grenzach-Wyhlen, Germany) was used to isolate RNA from CMT-93 cells according to the manufacturer's recommendations. The quantity and integrity of the isolated RNA was assessed in a NanoDrop ND − 1000 spectrophotometer, version 3.5.2 (Peqlab, Erlangen, Germany), using the 260 nm/280 nm absorbance ratio and was further analysed with an Agilent 2100 BioAnalyzer (Agilent Technologies, Santa Clara, California, USA) as a quality check. RNA-seq was performed at the Transcriptome and Genome Analysis Laboratory in Goettingen, Germany, using an Illumina HiSeq2000 sequencer (Illumina, Inc., San Diego, California, USA).

Deep sequencing analysis {#Sec8}
------------------------

As starting material for the library preparation, 0.5 μg of total RNA was used. The libraries were generated according to the TruSeq mRNA Sample Preparation Kits v2 Kit from Illumina (Cat. N°RS − 122-2002). The fluorometric based QuantiFluor™ dsDNA System from Promega (Mannheim, Germany) was used for accurate quantitation of cDNA libraries. The size of final cDNA libraries was determined by using the Fragment Analyzer from Advanced Bioanalytical. cDNA libraries were amplified and sequenced by using the cBot and HiSeq2000 from Illumina (SR; 1 × 50 bp; ca. 30 Mio reads per sample). Sequence images were transformed to bcl files using Illumina software BaseCaller, which were demultiplexed to fastq files with CASAVA v1.8.2 and quality checks were done via fastqc.

Statistics {#Sec9}
----------

### Preparation of data/statistical model {#Sec10}

An in-house RNA-seq analysis pipeline employing the STAR-aligner (version 2.4.0 h) \[[@CR12]\] for the mapping and counting of reads with the expectation-maximization algorithm implemented in the software package RSEM (version 1.2.19) \[[@CR13]\] was used for counting reads. Ensembl *Mus musculus* GRCh38 Version 78 was considered as the reference for mapping and further annotations.

Following RNA-seq, all seven tumour probes derived from CMT-93 underwent quality control measures. Employing the corresponding RNA-seq data, they were checked for the expression of CK 20 as surrogate parameter for colorectal tissue or liver-specific gene expression to identify liver-specific genes, such as phosphoenolpyruvate-carboxykinase 1 (PCK1), cytochrome p450 (CYP), and carbamoyl phosphate synthase1 (CPS1). Three tumour probes (D213K, D214K, D215K) representing false biopsies were excluded from further analysis owing to a strong infiltration of liver (approx. 4 to 20 times the elevated expression levels of liver enzymes) and low content of colorectal tissue.

Principal component analysis (PCA) was performed in R, the programming language and environment (version 3.2), to visualize the underlying structure of the dataset by calculating the eigenvectors and plotting those two components with the highest variance in the data.

Focussing on the comparison between the cell line and metastases, we filtered out differential genes specific to liver tissue, which we considered as 'liver tissue effect'. Thus, differentially expressed genes (DEGs) were identified as either up- or down-regulated when comparing the CMT-93 cell line with the unharmed liver tissue. Subsequently, these differences relating to the normal liver background were excluded from the gene expression results between the cell line and liver metastases. This filtering step was done in order to identify genes representing differences in cell line versus tumour, instead of general differences in cell lines versus normal liver.

### Significant differential gene analysis {#Sec11}

Basing on the read counts attained from RSEM, the R package EdgeR \[[@CR14]\] was used to calculate the mean intensities as well as the *p*-value and the log fold change (logFC) for each DEG, comparing the CMT-93 cells with the liver metastases formed. Thus, gene differences between the two groups were identified by fitting a negative binomial generalized linear model implemented in EdgeR. Expression results were reported as mean transcripts per million (TPM) values for each group.

A list was created comprising 119 genes associated with metastasis, based on the genes described in the Tumor Metastasis RT2 Profiler PCR Array by Qiagen Hilden, Germany (Additional file [1](#MOESM1){ref-type="media"}). This list was applied as a filter following completion of the analysis of the DEGs to profile the expression of these genes in our dataset.

### Gene ontology (GO) analysis {#Sec12}

A gene set was defined, comprising all the DEGs identified in the comparison of CMT-93 cells and the liver metastases that formed, corrected for the liver background and with a false discovery rate of less than 5% (FDR \< 0.05). This gene set was employed in the gene ontology and pathway analysis. This method, implemented in the R package topGO \[[@CR15]\], allows us to identify GO terms that are over-represented (or under-represented) using the annotations for that gene set taken from the Gene Ontology Database (<http://www.geneontology.org/>). The significant level of GO terms for the DEGs was analysed with the weighted Fisher's exact test in the package. We computed *p*-values for all the DEGs in the GO category "biological processes"; the threshold of significance was defined as *p*-value \<0.05.

Results {#Sec13}
=======

Syngeneic mouse model of CRC metastasis in the liver {#Sec14}
----------------------------------------------------

Following the injection of CMT-93 cells via the portal vein and their subsequent expansion, 70--80% of animals developed liver metastases in any number of liver lobules during the course of the study, as seen on macroscopic assessment (Fig. [1a](#Fig1){ref-type="fig"}). Within the life span of the animals, CMT-93 cells had colonized about 30--50% of the mouse liver with the tumour spots increasing to approximately 5 to 10 mm in diameter. However, the spread of the tumour burden resulting from CMT-93 proved to be inhomogeneous when comparing the right and left liver lobules of injected mice. On the microscopic level, immunohistochemical staining 4 weeks after tumour cell injection into the portal vein was used to assess phenotypic expression of colorectal carcinoma markers. Liver metastases displayed features of a moderately differentiated colorectal adenocarcinoma revealing complex glandular structures (40--75% gland formation) in a desmoplastic stroma (Fig. [1](#Fig1){ref-type="fig"} b, c). An important feature of invasion is the presence of this desmoplasia or desmoplastic reaction, a type of fibrous proliferation surrounding tumour cells and secondary to the invasive tumour growth. The glandular structures expressed epithelial markers such as membrane-bound β-catenin (Fig. [1d](#Fig1){ref-type="fig"}) and E-cadherin (Fig. [1e](#Fig1){ref-type="fig"}). The latter was expressed mostly in the cytoplasm, which indicates that this wnt marker was inactive. The hyaluronic acid receptor CD44 (a putative marker of 'stemness' in CRC) was also present and staining was detected in nearly all of the tumour cells we investigated (Fig. [1f](#Fig1){ref-type="fig"}). The unsystematic arrangements of gland formations also expressed the mesenchymal marker vimentin (Fig. [1g](#Fig1){ref-type="fig"}). The proliferation marker Ki-67 was expressed abundantly in more than 75% of all liver tumours in a random pattern (Fig. [1h](#Fig1){ref-type="fig"}).Fig. 1Macroscopic and microscopic aspects of liver metastases derived from CMT-93. Macroscopic overview of metastatic growth 4 weeks following implantation of CMT-93 cells via the portal vein in syngeneic C57BL/6NCrl mice (treatment group). Explanted livers were sliced for macroscopic assessment (**a**) and subjected to H&E staining (**b, c**). Liver metastases represented a moderately differentiated colorectal adenocarcinoma revealing complex glandular structures (50--75% gland formation) in a desmoplastic stroma. Subpanel **d** depicts the results of immunolabelling to detect ß-catenin (the inlay illustrates the mostly cytoplasmic location of expression) and **e** confirms E-cadherin, both markers indicative of the glandular structures. The dedifferentiated/mesenchymal differentiation was identified by staining with anti-vimentin (**g**) and anti-CD44 (**f**). Ki-67 was used as a proliferation marker as illustrated in **h** Scales are as indicated

Adaptation of CMT-93 cells when forming metastases in the liver {#Sec15}
---------------------------------------------------------------

To assess the factors involved in the formation of liver metastases, we performed RNA-seq analysis on both the liver metastases as well as unaffected liver tissue. Figure [2](#Fig2){ref-type="fig"} summarizes the structure of the gene expression data. The first principal component (PC) is plotted on the x-axis and captures 74% of the variance. The second PC is plotted on the y-axis and captures 19% of the variance. The PCA plot clearly portrays the separation of the CMT-93 cell line samples from those of the corresponding macroscopically tumour-free liver, as well as from the derived liver metastases. As assumed, the cluster associated with CMT-93 was found to be located in close proximity to the cluster relating to the derived metastases. We also plotted liver specimens originating from sham-operated animals (injection of buffer alone). When overlaid on the PCA plot in Fig. [2](#Fig2){ref-type="fig"}, these samples lay in exactly the same position as the cluster of the macroscopically tumour-free liver samples (data not illustrated).Fig. 2PCA was used to visualize the underlying structure of the dataset. CMT-93 cells as well as tumour probes (*tumour liver tissue*) formed clusters clearly separate from the corresponding macroscopically tumour-free liver. Each group was tightly clustered

Table [2](#Tab2){ref-type="table"} lists the DEGs during the propagation of CMT-93 cells in the liver. A total of 5297 genes were down-regulated and 6597 were up-regulated when CMT-93 cells propagated in the liver. The elimination of DEGs relating to the liver background (see materials and methods) reduced the total number of DEGs to 1174 down-regulated genes (35%) and 2155 up-regulated genes (65%).Table 2Differences in gene expression among the sample groups (DEGs)CMT-93 vs. liver metastasesMacroscopic-free liver vs. liver metastasesCMT-93 vs. macroscopic-free liverCMT-93 vs. liver metastases corrected for the liver background−1 = down-regulated52975163576411740 = unregulated36674157268401 = up-regulated6597574961872155

The results of hierarchical cluster analysis to assess the relatedness of the 120 DEGs displaying the greatest differences in expression are presented in Fig. [3](#Fig3){ref-type="fig"}. The heat map reveals systematic and fairly clearly distinguished variations in the expression of genes between the original CMT-93 cells, the derived liver metastases, and tumour-free liver. Of note, the changes in expression of the CMT-93 cells outgrowing as liver metastases is clearly apparent. However, the hierarchical clusters relating to the metastases and the tumour-free liver are somewhat closer to each other owing to the fact that the implanted CMT-93 cells forming metastases infiltrate the liver tissue. The gene expression profile is therefore bound to reflect the colonization of the hepatic tissue.Fig. 3Top 120 DEGs between CMT-93 cells, liver metastases derived from CMT-93 and macroscopically tumour-free liver. Expression data are depicted as a data matrix in which each row represents a gene and each column represents a sample. The colour coding *bar above the heat map marks* the samples from the CMT-93 cell line (samples CMT93V1--3) as *green*, those from the liver metastases derived from CMT-93 (samples D208-210 K, D212K) in *red* and those of macroscopically tumour-free liver (samples D208-210 N, D212-215 N) in *blue*. Expression levels are depicted according to the *colour scale* presented in the *top left* corner. *Red* indicates expression levels *above* and *green* *below* the median, respectively. The magnitude of deviation from the median is represented by the colour saturation. The hierarchical clustering is visualized by the dendrogram at the *top*, which illustrates the degree of relatedness in gene expression

We then applied a filter set of 119 selected genes associated with metastasis to our RNA-seq data set following the elimination of DEGs determining the liver background. Thus, 32 relevant genes were identified with a threshold of FDR \< 5%, of which 23 were up-regulated and 9 down-regulated. Additional file [2](#MOESM2){ref-type="media"} contains the count data of the samples. Figure [4](#Fig4){ref-type="fig"} illustrates the heat map of the filtered DEGs within the CMT-93 cell line and the liver metastasis samples. Hierarchical clustering confirmed the clear changes between DEGs of the CMT-93 cells and the derived metastases. Table [3](#Tab3){ref-type="table"} presents an overview of these genes which were also ranked by *p*-value. The top five dysregulated genes were found to be matrix metallopeptidase (MMP) 7, keratin 20 as an epithelial marker of colorectal carcinoma, wnt inhibitory factor 1, MMP 9, and chemokine receptor 4.Fig. 4Heat map illustrating the expression signature of 32 genes related to liver metastasis development. Unsupervised analysis was performed on the data set using our filtered gene list (119 genes associated with metastasis). Depicted are 32 representative genes which were expressed differentially during the propagation of CMT-93 cells in the liver Table 3Overview of the most relevant genes associated with metastasis during liver colonisation (FDR \< 5%)GeneEnsembl IDGene SymbolFunctional Gene Group*p*-valueMean intensity CMT-93Mean intensity liver metastaseslogFC\*logFC\^FDRMatrix metallopepti-dase 7ENSMUSG00000018623MMP7Extracellular Matrix Proteins1,7 × 10^−180^0,0272,568,9711,694,9 × 10^−178^Keratin 20ENSMUSG00000035775KRT20CRC-Related Genes2,9 × 10^−174^0,8151,995,86,127,7 × 10^−172^Wnt inhibitory factor 1ENSMUSG00000020218WIF1Wnt Signalling (canonical)3,7 × 10^−126^0,0020,687,3712,853,3 × 10^−124^Matrix metallopepti-dase 9ENSMUSG00000017737MMP9Extracellular Matrix Proteins3,8 × 10^−72^0,1014,165,957,929 × 10^−71^Chemokine (C-X-C motif) receptor 4ENSMUSG00000045382CXCR4Cell Growth and Proliferation Genes1,5 × 10^−71^0,0219,297,0610,503,4 × 10^−70^Matrix metallopepti-dase 2ENSMUSG00000031740MMP2Extracellular Matrix Proteins1,8 × 10^−70^0,0927,837,048,334,2 × 10^−69^Eph receptor B2ENSMUSG00000028664EPHB2Cell Growth and Proliferation Genes4,8 × 10^−59^1,0610,863,23,658 × 10^−58^Chemokine (C-X-C motif) receptor 2ENSMUSG00000026180CXCR2Cell Growth and Proliferation Genes1,1 10^−40^0,047,535,517,759,7 × 10^−40^Cadherin 11ENSMUSG00000031673CDH11Cell Adhesion Genes8,8 × 10^−40^0,126,324,675,757,9 × 10^−39^Axin2ENSMUSG00000000142AXIN2Wnt Signalling (canonical)2,2 × 10^−39^20,3172,101,821,872 × 10^−38^Integrin beta 3ENSMUSG00000020689ITGB3Cell Adhesion Genes1,6 × 10^−33^5,5425,482,172,351,2 × 10^−32^Matrix metallopeptidase 13ENSMUSG00000050578MMP13Extracellular Matrix Proteins8,1 × 10^−29^0,227,454,435,204,8 × 10^−28^Glycoprotein (transmembrane) nmbENSMUSG00000029816GPNMBCell Adhesion Genes3,9 × 10^−27^0,2114,505,456,252,1 × 10^−26^Snail family zinc finger 1ENSMUSG00000042821SNAI1EMT Transition2,9 × 10^−26^0,123,053,624,661,5 × 10^−25^Plasminogen activator, urokinase receptorENSMUSG00000046223PLAURCell Growth and Proliferation Genes8,9 × 10^−20^191,3871,50−1,42−1,283,6 × 10^−19^Matrix metallopeptidase 3ENSMUSG00000043613MMP3Extracellular Matrix Proteins3,7 × 10^−17^0,052,703,955,741,3 × 10^−16^Integrin alpha 6ENSMUSG00000027111ITGA6Cell Adhesion Genes5 × 10^−17^12,0331,231,361,321,8 × 10^−16^Matrix metallopeptidase 10ENSMUSG00000047562MMP10Extracellular Matrix Proteins7,6 × 10^−17^0,062,683,835,372,7 × 10^−16^Somatostatin receptor 2ENSMUSG00000047904SSTR2Cell Growth and Proliferation Genes5,7 × 10^−15^0,221,572,193,171,8 × 10^−14^Jun proto-oncogeneENSMUSG00000052684JUNTranscription Factors and Regulators7,8 × 10^−13^22,1344,891,011,162,3 × 10^−12^Frizzled homolog 2 (Drosophila)ENSMUSG00000050288FZD2Wnt Signalling (canonical)1,1 × 10^−12^6,882,16-1,7-1,543 × 10^−12^Chemokine (C-C motif) ligand 7ENSMUSG00000035373CCL7Cell Growth and Proliferation Genes2,4 × 10^−12^0,989,983,183,476,9 × 10^−12^Nuclear receptor subfamily 4, group A, member 3ENSMUSG00000028341NR4A3Transcription Factors and Regulators3,5 × 10^−12^0,161,222,13,311 × 10^−11^RAR-related orphan receptor betaENSMUSG00000036192RORBCell Growth and Proliferation Genes2,6 × 10^−11^2,570,70-1,94-1,687 × 10^−11^Cyclin-dependent kinase inhibitor 2AENSMUSG00000044303CDKN2ATranscription Factors and Regulators1,9 × 10^−8^179,7391,40−0,98−0,844,4 × 10^−8^Matrix metallopeptidase 11ENSMUSG00000000901MMP11Extracellular Matrix Proteins6,6 × 10^−7^12,305,36−1,21−1,191,4 × 10^−6^Ets variant 4ENSMUSG00000017724ETV4Transcription Factors and Regulators9,5 × 10^−7^21,6010,13−1,1−0,931,9 × 10^−6^Lymphoid enhancer binding factor 1ENSMUSG00000027985LEF1EMT Transition5,3 × 10^−5^0,371,191,261,699,3 × 10^−5^Caspase 3ENSMUSG00000031628CASP3Apoptosis Genes0,0002748,5829,55−0,72−0,570,00045Fibronectin 1ENSMUSG00000026193FN1EMT Transition0,000851051,50805,60−0,38−0,740,00134B cell CLL/lymphoma 9ENSMUSG00000038256BCL9Wnt Signalling (canonical)0,0022215,5019,200,30,420,00336Dickkopf homolog 2 (*Xenopus laevis*)ENSMUSG00000028031DKK2Wnt Signalling (canonical)0,026719,316,03−0,65−0,500,03566LogFC\* describes changes between/comparing the mean intensities calculated as the log fold changes of base 2 referring to the TPM-values, logFC\^ represents the log fold change of base 2 from the R package EdgeR

With respect to functional gene groups, the 23 up-regulated genes were attributed to extracellular matrix proteins (6 genes), cell growth and proliferation (5 genes), cell adhesion (4 genes), wnt signalling (3 genes), transcription factors/regulators and epithelial-mesenchymal transition (EMT) (2 genes each), and CRC-related genes (1 gene). The 9 down-regulated genes were assigned to cell growth and proliferation, wnt signalling and transcription factors/regulator (2 genes each), as well as apoptosis genes, extracellular matrix proteins, and EMT (1 gene each).

Biological processes involved {#Sec16}
-----------------------------

To address the pathways and processes involved, significant DEGs with FDR \< 5% were selected and tested against the background set of all genes with GO annotation (Fig. [5](#Fig5){ref-type="fig"}). The most relevant GO terms for biological processes enriched were "inflammatory response", "angiogenesis", "signal transduction", "positive regulation of transcription from RNA polymerase II promoter", "transmembrane receptor protein tyrosine kinase signalling pathway", and "positive regulation of ERK1 and ERK2 cascade".Fig. 5Bar plot of GO pathways. Top 20 Gene Ontology categories from biological processes comparing the CMT-93 *cell line* with the liver metastases derived thereof. GO categories are depicted and sorted by *p*-value. The *dark grey bar* indicates the number of significant genes from all genes in that GO category (*dark and light grey*). Together with the *light grey* region of the bar, the plot summarises the total number of genes on the pathway

Discussion {#Sec17}
==========

CRC is a common disease whose considerable metastatic potential highlights the urgency and necessity to develop novel therapeutic approaches to prevent or treat tumour progression and metastasis. In this study, we set out to analyse the changes in gene expression and pathways that play a role in the colonisation of mouse liver by the cell line CMT-93, mimicking the processes that lead to the ultimate formation of liver metastases secondary to CRC. To this end, we first had to establish the in vivo metastatic mouse model. CMT-93 cells demonstrate a strikingly efficient tumorigenic capacity following their implantation via the portal vein, the common route CRC cells take when colonising the liver. Furthermore, the CMT-93 cell line originated from the mouse strain we employ, C57BL/6NCrl; the two are thus syngeneic and this enables us to circumvent rejection responses as complications. Moreover, the mice are immunocompetent, which allows us to investigate the normal inflammatory response to tumour growth. Of note, the outgrowing metastases in this model are reproducible and display a number of prototypic features (structure and markers) common to human CRC liver metastases. The model itself acts as a paradigmatic proof of principle for genetic alteration when forming liver metastases. A xenograft model involving human CRC cell lines would not have been able to fulfil our criterion of immunocompetence to mimic the seed and soil theory in humans. While searching for suitable models we tried three combinations in total, based on literature research and commercial availabilities. Although CT-26 (ATCC® CRL-2639™) and the mouse strain Balb/c resulted in tumour formation in the liver, these were found to be mesenchymally de-differentiated in nature. The cell line APC1638-NT (kindly donated by Prof. R. Smits, Rotterdam, Netherlands) with mouse strains C57BL/6 N or C57BL/6 J resulted in no detectable tumour growth whatsoever (data not shown). The CMT-93/C57BL/6NCrl model proved to be the only one demonstrating reproducible liver metastatic growth with the histological features of colorectal cancer.

Disseminating tumour cells need to adapt to surrounding tissues in a continuous fashion \[[@CR16]\]. For example, CRC cells of the primary tumour have to avoid succumbing to any immune response, detach from the primary, migrate into the portal system, arrive in the liver, traverse the endothelial barrier of the portal vessels (extravasation), overcome hypoxia on integration into the liver parenchyma, adapt to the new environment, initiate angiogenesis, and finally expand as metastases (metastatic colonisation) \[[@CR17]--[@CR19]\]. Taken together, these numerous influences during the process of metastatic spread into clinically detectable macroscopic disease lead to marked changes in gene expression. This new gene signature is the result of a multi-step process in which carcinoma cells progress along the "invasion-metastasis cascade" \[[@CR18]\]. The results of our study visibly support the notion that CRC cells certainly undergo a number of clear changes in the liver environment.

It goes without saying that every single finding from the dataset following RNA-seq analysis cannot be commented on in this highly specific context during propagation in the liver. However, there are some definite hints as to which genes and pathways have to be addressed when aiming to treat CRC liver metastasis.

Our RNA-seq expression analysis and subsequent filtering with the selection list of the most-relevant metastasis-related genes reveals that the liver environment stimulates CMT-93 cells into expressing a number of genes enhancing metastasis. These genes are associated with functions such as tissue remodelling, cell proliferation, adhesion, wnt activity, transcription/regulation, and inhibition of apoptosis, which all contribute to metastatic activity and tumour cell invasion. Specifically, MMPs, chemokine receptors, and integrins are predominantly up-regulated in liver metastases derived from CMT-93.

Interactions between carcinoma cells and stromal cells play a vital role during the invasion of the new anatomic metastatic site. Tumour cells must first traverse the basement membrane and then create space for further expansion. Components of the extracellular matrix (ECM) contain a repository of growth factor molecules that can be liberated by proteases secreted by carcinoma tissue. Moreover, the basement membrane also plays crucial roles in signal transduction events within carcinoma cells via pathways initiated by integrin-mediated cell-matrix adhesions, leading to alterations in cell polarity, proliferation, invasiveness, and survival \[[@CR20]\]. Additionally, the entry of CRC cells into the hepatic microvasculature can also initiate the pro-inflammatory cascade that results in Kupffer cells being triggered to secrete chemokines \[[@CR21]\]. Those are known to up- and also down-regulate various vascular adhesion receptors, thereby enabling adhesion of CRC cells in the microvasculature of the fibroblasts and myofibroblasts, endothelial cells, adipocytes, and various bone-marrow-derived cells -- including macrophages and other immune cells \[[@CR22]\].

GO analysis is widely recognized as the premier tool in the organization and functional annotation of molecular aspects of cellular systems \[[@CR23]\]. We determined the significant GO categories based on a threshold of significance of *p* \< 0.05. Our results reveal that the GO terms inflammatory response, angiogenesis, and signal transduction were the most relevant biological processes involved in the propagation of CRC in the liver. Most recently, Becht et al. reported that CRC molecular subgroups and micro-environmental signatures were highly correlated \[[@CR24]\]. More precisely, he stated that the mesenchymal subtype of CRC was characterized by a high density of fibroblasts that most likely produces the chemokines and cytokines which favour tumour-associated inflammation and support angiogenesis, resulting in a poor prognosis. Looking into features of assessable inflammatory state in patients, Hamilton et al. were able to link elevated serum levels of C - reactive protein (CRP) with increased circulating pro-inflammatory cytokines. Those patients with colorectal liver metastases were attributed with shorter disease-free and overall survival following surgical resection \[[@CR25]\]. Most recently, the inflammatory milieu of CRC liver metastases was used to investigate a new treatment option based on TIE2-expressing monocytes/macrophages (TEMs), a myeloid cell subset. Adopting the concept of gene transfer, TEMs located in peritumoral sites and exerted an anti-tumour effect through the release of interferon-alpha (IFNα) \[[@CR26]\]. Utilizing this strategy in mouse models of CRC liver metastasis, TEMs accumulate in the proximity of hepatic metastatic areas and the TEM-mediated delivery of IFNα inhibits tumour growth. In our study, we could not detect IFNα as being deregulated to a significant level in the liver metastases. However, there were a number of DEGs associated with interferon (e.g. interferon-activated gene 205 (IFI205), interferon-induced transmembrane protein 1 (IFITM1) and interferon gamma inducible protein 30 (IFI30)), which were not members of the top 100 list (data not shown).

Different angiogenic factors have been related to metastasis formation because they promote primary tumour growth and increase the likelihood that tumour cells come into contact with blood and thus disseminate \[[@CR27]\]. In particular, the liver is known to be a permissive soil with respect to angiogenesis. The liver parenchyma adjacent to the synchronous liver metastases provides an angiogenically favourable environment for metastatic tumour growth \[[@CR28]\]. On the individual level, there was significant correlation between primary CRCs and matched liver metastases with respect to vascular endothelial growth factor (VEGF) mRNA expression. VEGF mRNA levels in patients with two or more liver metastatic tumours were significantly higher than those in patients with only solitary liver metastases \[[@CR29]\]. To date, oxaliplatin- and irinotecan-based chemotherapy regimens combined with monoclonal antibody treatment in the form of bevacizumab (anti-VEGF) have proved to be efficient as first-line therapy of metastatic colorectal cancer \[[@CR30], [@CR31]\].

Invasion processes are crucial to the formation of liver metastases in CRC and regularly involve a variety of MMPs leading to the degradation and remodelling of the extracellular matrix (ECM) \[[@CR18], [@CR27]\]. CRC liver metastases express MMP7 more intensely than normal liver \[[@CR32]\]. Our results support the notion that MMP7 is one of the significant players enhancing invasiveness in CRC \[[@CR33]--[@CR35]\]. It is worth noting here that targeted therapy in this matter is difficult. There is evidence in some pre-clinical models that MMP inhibitors (MMPIs) are effective at multiple stages of CRC tumour progression, inhibiting both establishment and growth of primary CRC tumours, as well as reducing metastasis in the lungs and liver \[[@CR36]\]. However, clinical trials with MMPIs have been largely unsuccessful as therapeutic agents in CRC so far. A recent study in pre-clinical mouse models of metastatic CRC suggests that ulinastatin (an intrinsic trypsin inhibitor) and natural polyphenol curcumin are capable of inhibiting CRC liver metastases via modulation of MMP9 and E-cadherin expression \[[@CR37]\].

The model developed certainly proved to be suitable, as the invasion and expansion of CMT-93 following their injection via the portal vein leading to liver metastasis was reproducible. Our results clearly support the notion of an invasion-metastasis cascade with notable changes to the expression profile of CMT-93 cells on entering and expanding in the liver. Although we were perhaps able to shed some light on the bigger picture, the relative importance of distinct events, interactions, and the molecular drive that all serve to facilitate organ-specific colonisation will require further investigation.

Conclusions {#Sec18}
===========

Our work demonstrates that the gene expression in tumour cells is clearly altered during and following the process of metastasis. Here, bioinformatics greatly assists in the analysis of large amounts of data derived from RNA-seq. Through rigorous experimental planning and sophisticated statistical analysis, we are a step closer to elucidating the factors and processes involved during the liver metastasis of CRC. One or more of these dysregulated genes may prove to be a worthy target and enable us effectively to switch off a CRC cell's capacity to act as seed in the formation of metastases. Such a development, at best during the early stages of disease progression, for example prior to the outgrowth of tumour cells within the target soil, could well have a markedly positive effect on the prognosis as well as overall survival of CRC patients.
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